Abstract. The measurement of fluid velocity by encoding it in the phase of a magnetic resonance imaging (MRI) signal could allow the discrimination of the stationary spins signals from those of moving spins. This results in a wide variety of applications i.e. in medicine, in order to obtain more than angiograms, blood velocity images of veins, arteries and other vessels without having static tissue perturbing the signal of fluid in motion. The work presented in this paper is a theoretical analysis of some novel methods for multiple fluid velocity encoding in the phase of an MRI signal. These methods are based on a tripolar gradient (TPG) and can be an alternative to the conventional methods based on a bipolar gradient (BPG) and could be more suitable for multiple velocity encoding in the phase of an MRI signal.
1.
Introduction The velocity of moving spins is one of the most relevant characteristics of flow when using nuclear magnetic resonance (NMR) methods. It can be estimated from the magnitude and/or phase of the MRI signal. It is well known that measurement of velocity done by phase methods is more sensitive than those done by magnitude methods. The presence of surrounding stationary structures, such as soft tissue and bones, around a vessel introduces a conspicuity problem [1] in the image of the vessel and has been one of the major problems in flow measurements by NMR. When static and moving spins are present in the same voxel, the phase of the MRI signal, which is a function of the velocity of flowing spins, is distorted by the presence of static spins. Some novel methods for multiple velocity phase encoding of the MRI signal, based on a tripolar gradient (TPG) as alternative to the conventional bipolar gradient (BPG), are presented and analyzed in this paper.
2.
Background Phase encoding methods [2, 3] , measure the attenuation of the echo amplitudes obtained from sequences of the form 90°x -T-(180°y -T-)n. This type of sequence separates the effects of coherent flow and diffusion. The phase shifts at echo time increases attenuating the amplitudes of the echoes in function of the velocity. A similar method [4] uses the amplitude of the first echo of a CPMG sequence with a gradient in the direction of flow. The gradient is stepped every time that the sequence is applied. The velocity distribution of laminar and turbulent flow can be obtained from the inverse Fourier transform of the gradient dependent signal. Two dimensional flow imaging based on these principles has been done with the flow encoded in the plane of the image [5] or perpendicular to it [6] . A summary of previous work that had been done before to suppress signals from stationary spins falls essentially in two modalities: Subtraction and Auto-cancellation and can be found in [7] . An analysis of actual methods for velocity encoding in the phase of MRI signals can be found in [8] as well as previous work on multiple velocity encoding, using a tripolar gradient , done by the author , can be found in [9] . 
3.
Multiple Velocity Encoding Methods Three novel methods of multiple encoding of velocity based on a tripolar TPG gradient echo sequences shown in Figures 1b, 1c and 1d are analysed in this section and compared to the conventional velocity encoding method based on the BPG gradient echo sequence shown in Figure  1a . Each sequence will be analysed with velocity encoding only in the readout direction in order to show the constraints in this direction. Similar considerations can be taken if the velocity encoding is in the other two orthogonal directions. Although the four sequences of Figure 1 are in terms of rectangular pulses, in actual experiments, ramps could be used to get trapezoid and sometimes half sine pulses. In all the following gradient waveforms, the amplitude of a basic gradient waveform will be given as the maximum amplitude G multiplied by a proportionality constant k. This is with the purpose of making more adaptable the pulse sequences for different gradient strengths.
Method A (Conventional BPG Sequence)
This method is based on sequence A (Fig.1a) , which encodes velocity by varying the amplitude k v G of the BPG formed by the first two lobes of G re (A). The last three lobes of G re (A) form a tripolar gradient (TPG A ) that is designed to have a null zeroeth moment given by
(1) and a null first moment given by
In a whole body imager, the values of k 3 and T g3 of the readout gradient are usually set as a function of the field of view and the sampling period. For a given sampling period Δt that determines the value of Tg3, and for a given value of the field of view (L r ), in the readout direction, the value of the readout gradient amplitude is obtained by
where  1 the gyromagnetic ratio is given in Hz/Gauss, G is the maximum value of the readout gradient amplitude in Gauss/cm, L r is the readout field of view in cm, N r is the number of samples in the readout direction, T gr is the width of the readout gradient which is taken to be twice as long as T g3 . Assuming for convenience , that k 1 = k 2 = K and setting K together with T a to convenience, the two parameters of TPG A left to be determined are T g1 and T g2 . Combining equations (1) and (2) (5) Once TPG A is "balanced" by making its zeroeth and first moments equal to zero, the multiple encoding of velocity will depend only on the amplitude of BPG A . At the balanced position, k v is equal to zero. This preserves the zeroeth and the first moments of the whole Gre(A) waveform equal to zero. The zeroeth moment of BPG A is going to remain equal to zero as mentioned previously. The first moment of BPG, and of the whole G re (A) waveform is then given by
A series of m 1 values can then be generated by varying k v in equation (6) in positive and negative increments in order to generate the velocity image. 
Method B (Novel TPG Sequence B)
This method is based on sequence B (Fig.1b) , which encodes velocity by shifting the center lobe of the tripolar gradient (TPG) without changing the width of any of the three gradient lobes. On its balanced position, TPG is designed to have a null zeroeth and first moments as given by equations (1) and (2) . The considerations for k 3 , T g3 , k 1 and k 2 are similar to those in sequence A. The parameter k 3 is obtained using equation (3) and the time parameters T g1 , and T g2 , are obtained by using equations (4) and (5) . The first moment of TPG is then given by
where  is the time shift to the center lobe. A series of m 1 values can then be generated by positive and negative increments of  in order to generate the velocity image as mentioned before.
Method C (Novel ETPG Sequence C).
This method is based on sequence C (Fig. 1c) , which encodes velocity by shifting the center lobe of the extended tripolar gradient (ETPG) and adjusting the interlobe times and the widths of the side lobes.
On its balanced position, ETPG is designed to have a null zeroeth and first moments as given by 
Considerations similar to the two previous sequences apply to k 3 , T g3 , k 1 and k 2 . Combining equations (8) and (9) The first moment at a shifted position of ETPG is then given by
and  2 could also be made dependable on  1 or as convenient.
As before, a series of m 1 values can then be generated by positive and negative increments of the independent time shift (i.e.  1 ).
Method D (Novel ETPG2 sequence D)
This method is based on sequence D (Fig. 1d) , which is even more versatile and encodes velocity by shifting the center lobe of the extended tripolar gradient (ETPG) and adjusting the width of all the three lobes of the ETPG while keeping constant the interpulse time T a . At its balanced position (no shifts), m 0 and m 1 are zero, as given by equations (5) and (6) . Considerations similar to the previous three sequences apply to k 3 , T g3 , k 1 and k 2 . The gradient pulse widths T g1 and T g2 are given by equations (11) and (12) respectively. After this ETPG has been balanced, the first moment is given by 
and as in the previous cases, a series of m 1 values can be generated by positive and negative increments of an independent time shift (i.e.  1 ).
The previous four velocity encoding gradient-echo sequences could also be implemented as second spin-echo sequences.
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Discussion.
The purpose of this section is to compare the performance of the four gradient-echo velocity encoding sequences ( Fig. 1) with respect to the maximum first moment m 1 of the velocity encoding gradient. The corresponding spin-echo velocity encoding sequences yield similar results. The basis of the comparison is to obtain the maximum m 1 for a given value of the duration T S of the velocity encoding gradient of each pulse sequence and consequently to obtain the minimum "sampling velocity", V S , for each sequence. The duration T S of the velocity encoding gradient is shown in figure 1 and is the same for all the sequences. In order to obtain the maximum m 1 from each sequence for a minimum T S , some amplitude and time parameters will be conveniently defined. The parameters, k 3 and T g3 are determined by the field of view and the sampling period. The gradient amplitude factors k 1 and k 2 are set equal to one for all the sequences. The amplitude factor k 4 is also set to one for sequences C and D. Sequence A will have its interpulse times T b , T c , and T a equal to zero. The duration of its velocity encoding gradient is then given by 
5.Conclusions.
For low values of the duration of Ts of the velocity encoding gradient, which results in low values of echo time, the multiple velocity encoding methods C and D yielded higher maximum first moments (m1) than method B and this one in turn produced higher m1 than method A. This translated into methods C and D yielding lower (better) velocity resolution than method A. Another advantage may be the reduced inconsistency in the amplitude values of the velocity encoding TPG gradients compared to the conventional BPG's. In general , the three methods B, C and D , based on their respective sequences using TPG's have been shown to be more suitable for multiple velocity encoding in the phase of an MRI signal than method A based on a conventional BPG.
